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Objective: Cartilage injury can lead to post-traumatic osteoarthritis (PTOA). Immediate post-trauma
cellular and structural changes are not widely understood. Furthermore, current cellular-resolution
cartilage imaging techniques require sectioning of cartilage and/or use of dyes not suitable for patient
imaging. In this study, we used multiphoton microscopy (MPM) data with FDA-approved sodium ﬂuo-
rescein to identify and evaluate the pattern of chondrocyte death after traumatic injury.
Method: Mature equine distal metacarpal or metatarsal osteochondral blocks (OCBs) were injured by
30 MPa compressive loading delivered over 1 s. Injured and control sites were imaged unﬁxed and in situ
1 h post-injury with sodium ﬂuorescein using rasterized z-scanning. MPM data was quantiﬁed in
MATLAB, reconstructed in 3-D, and projected in 2-D to determine the damage pattern.
Results: MPM images (600 per sample) were reconstructed and analyzed for cell death. The overall
distribution of cell death appeared to cluster into circular (n ¼ 7) or elliptical (n ¼ 4) patterns (p ¼ 0.006).
Dead cells were prevalent near cracks in the matrix, with only 26.3% (SE ¼ 5.0%, p < 0.0001) of chon-
drocytes near cracks being viable.
Conclusion: This study demonstrates the ﬁrst application of MPM for evaluating cellular-scale cartilage
injury in situ in live tissue, with clinical potential for detecting early cartilage damage. With this tech-
nique, we were able to uniquely observe two death patterns resulting from the same compressive
loading, which may be related to local variability in matrix structure. These results also demonstrate
proof-of-concept MPM diagnostic use in detecting subtle and early cartilage damage not detectable in
any other way.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is a degenerative, multifactorial disease
affecting the world population1e3. Knowledge of severe cartilage
damage has led to therapies targeting symptom management, but
understanding the early events in OA can facilitate the development
of effective modalities in disease intervention. However, limited
high resolution imaging of cartilage damage in the clinical setting
has hindered early disease identiﬁcation. Current medical imaging
modalities including magnetic resonance imaging (MRI) and
computed tomography (CT) do not have the resolution necessary toL.J. Bonassar, 149 Weill Hall,
-253-9381; Fax: 1-607-253-
s Research Society International. Pdetect small cartilage injuries that can occur after joint trauma
which lead to post-traumatic osteoarthritis (PTOA). Without the
ability to detect these micron-sized structural or cellular changes, it
is difﬁcult to understand the progression of PTOA and facilitate its
prevention. Developing methods for detecting early cartilage dam-
age in vivo can expand the understanding of cartilage degeneration
immediately after tissue damage.
Multiphoton microscopy (MPM) is capable of imaging live bio-
logical samples, including cartilage at submicron resolution,
yielding structural details at depths greater than possible with
confocal microscopy4. Importantly, MPM can be adapted for in vivo
imaging with diagnostic application, including distinguishing
normal vs abnormal or cancerous tissue5e8, and it is being devel-
oped into a fast-scanning endoscope9. Diagnostic in vivo MPM can
be adapted to cartilage because of the high collagen content of the
cartilage extracellular matrix (ECM). Collagen emits secondublished by Elsevier Ltd. All rights reserved.
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staining10. Collecting SHG signal allows the general collagen matrix
of the cartilage to be easily observed. Additionally, many molecules
autoﬂuoresce with MPM4, and additional dyes may be used to
further characterize tissue. Although ﬂuorescent techniques have
greatly expanded our understanding of cell biology, ﬂuorescent
labeling typically uses dyes that are unsuitable for clinical use.
Sodium ﬂuorescein is FDA-approved and is used ophthalmologi-
cally or intravenously to diagnose blood vessel disorders and
corneal abrasions. Sodium ﬂuorescein has been shown to stain
cells11 by binding non-speciﬁcally to proteins12, making it an
attractive method to label cells that have compromisedmembranes
and may be dead. Imaging in a highly ﬂuorescent solution like
ﬂuorescein can be difﬁcult, but the optical capabilities of MPM
make it possible. SHG and ﬂuorescein can be used to collect high
resolution information from live tissue to study the mechanisms
involved in the progression of cartilage damage.
The importance of understanding the early sequence of events
between cartilage trauma and OA is at the forefront of arthritis
research2,13e15. Cell death has been shown to occur after traumatic
injury2,15, but the immediate effect of compressive trauma on
chondrocyte viability15 and the resulting dispersion of cell death
and matrix damage around the injury site have not been studied in
detail. The spatial distribution of chondrocyte death may be inﬂu-
enced by many factors. The superﬁcial zone has been shown to beFig. 1. Schematic of methods. (a) An OCB is injured with compressive loading. The injured si
pattern, alternating scanned and non-scanned regions to encompass a 3.3 mm  3.4 mm are
are shown in (d) and (e), with arrows denoting ﬂuorescein-labeled dead cells.more susceptible than deeper cartilage layers to compressive
injury16. This phenomenonmay result from zonal ECM composition
or collagen orientation, which distribute load when force is
applied17,18. Evaluating chondrocyte death distribution in the su-
perﬁcial zone with MPM can further elucidate these underlying
structural factors.
The goal of the current study was to use MPM to evaluate
cellular damage after cartilage injury ex vivo in live tissue using an
FDA-approved dye to detect chondrocyte death. Speciﬁcally, by
using MPM with sodium ﬂuorescein, we evaluated the pattern of
chondrocyte death in the superﬁcial zone immediately following
traumatic injury like that which could contribute to the develop-
ment of early PTOA.
Methods
Tissue collection and injury model
The distal third metacarpus (n ¼ 3) or metatarsus (n ¼ 8) was
harvested from the left (n ¼ 5) or right (n ¼ 6) limb of young adult
horses (n ¼ 10, ages 4e6 years) immediately after being eutha-
nized for reasons unrelated to this study under the guidelines and
approval of the Institutional Animal Care and Use Committee. The
limb was chosen at random. Cartilage was grossly evaluated and
scored using the International Cartilage Repair Society (ICRS)te (b) and corresponding control site (c) are each scanned with MPM using a rasterized
a. Individual 328 mm  438 mm images that comprise the larger rasterized scanned area
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healthy samples (i.e., those receiving scores of 0, 1a, or 1b) were
used for the study. Osteochondral blocks (OCBs) were initially
placed in HBSS with 100 IU/ml penicillin and 100 mg/ml strepto-
mycin and then transferred to phenol red-free MEM containing
25 mM Hepes, 100 IU/ml penicillin, and 100 mg/ml streptomycin.
Dye-free media was used to prevent staining prior to microscopic
imaging. In order to model early cartilage injury, OCBs were then
brieﬂy removed from the media and mounted between a custom-
designed specimen-chamber and a 2.25 mm-diameter indenter
on an EnduraTEC ELF3200 mechanical test frame (EnduraTec,
Minnetonka, MN). The articular surface of the medial condyle,
medial to the sagittal ridge and anterior to the transverse ridge,
was injured under load-control with a single compression of
30 MPa19 within 1 s (Fig. 1) (mean peak stress rate 118.5 MPa s1
[95% conﬁdence interval (CI) 115.7e121.3]; mean strain 63% [95%
CI 52e74]; mean peak strain rate 587% s1 [95% CI 310e864]). The
lateral condyle functioned as the control. After injury, OCBs were
placed back into the media and incubated for 1 h at 37C in 5%
CO2.
MPM data acquisition and staining
After incubation, OCBs were placed in 1 mM sodium ﬂuorescein
(AK-FLOUR 25%, Akorn, Inc., Lake Forest, IL) in PBS. Fluorescein was
chosen for this study because it is FDA-approved and has been
previously used for determining tissue viability in vivo in both
animals and humans20,21. The ability of ﬂuorescein to detect cell
death was initially validated by dual staining of cartilage with 1 mM
ethidium homodimer-1 (EthD-1, Invitrogen, Grand Island, NY) and
ﬂuorescein. Imaging was performed using a lab-built MPM in-
strument, in which an uncompensated beam from a modelocked
Ti:sapphire laser (Tsunami pumped with a Millennia Xs; Newport,
Irvine, CA) was passed through an Electro-Optic Modulator (350-
80LA; Conoptics, Danbury, CT) with laboratory-built electronics for
beammodulation and blanking during scan ﬂy-back. The beamwas
then directed into a modiﬁed BioRad scanner (MRC-600) interfaced
with a modiﬁed Olympus AX-70 upright microscope (Center Valley,
PA). An excitation wavelength of 780 nmwas delivered through an
Olympus XLUMPlanFl 20X/0.95NA water immersion objective to
obtain MPM images22. The emission signal was separated from the
excitation beam using a 670 nm long-pass dichroic. Samples were
placed in ﬂuorescein solution for 10e15 min and then imaged
within the solution. Data was collected ﬁrst with ﬂuorescein
excited at 780 nm and collected through a 380e540 emission ﬁlter.
EthD-1 was then added and allowed to incubate for 30 min, after
which the imaging was repeated with the added EthD-1 signal
collected through a 560e650 nm emission ﬁlter in a second
detection channel. Using this approach ﬂuoresceinwas validated as
an indicator of cell death, and dual staining with EthD-1 was dis-
continued (n ¼ 9 sites, n ¼ 1 OCB). The remainder of the data was
collected using only ﬂuorescein.
After injury, OCBs were positioned on the MPM stage, main-
taining medial-lateral orientation. The sample was imaged in the
transverse plane with the same instrumentation as described
above. Imaging was performed starting at the articular surface and
penetrating 100 mm deep to encompass the superﬁcial zone23.
Cartilage SHG and autoﬂuorescence, and ﬂuorescein ﬂuorescence
were collected by photomultiplier tubes using a 360e490 nm ﬁlter
for autoﬂuorescence and SHG from the cartilage matrix, and a 510e
650 nm ﬁlter for ﬂuorescein emission. Each z-stack acquired
emission from 328  438 mm section, with ten 10 mm z-steps. A
rasterized tile scan with x ¼ 272 mm and y ¼ 312 mm sized steps
acquired data from a large ﬁeld 4.528  4.938 mm area or small
ﬁeld 3.328  3.438 mm area of the injured region and surroundingtissue, and a respective scan of the control lateral condyle (Fig. 1,
n ¼ 11 OCBs). Z-stacks were collected starting at the cartilage
articular surface. The tiling algorithm detected the articular surface
based on the emission signal intensity. The z-depth of the surface
was recorded for subsequent 3D reconstruction. To minimize po-
tential variation between samples resulting from the length of a
high resolution tile scan, tiled images were collected in a grid with a
reduced ﬁll factor, resulting in 37% of the tissue being scanned. This
ﬁll factor was chosen in order to complete the small ﬁeld scan
within an hour. The small ﬁeld scan was more readily utilized due
to its shorter scan time. The large ﬁeld was used on limited samples
in order to conﬁrm that the small ﬁeld scan encompassed all dead
chondrocytes.
After the rasterized tile scan was completed, along with addi-
tional samples, cartilage was removed from the bone to image in
the sagittal plane (control n ¼ 13 OCBs from n ¼ 6 horses; injured
n ¼ 10 OCBs from n ¼ 6 horses). This was performed to evaluate
chondrocyte death at a depth greater than could be obtained by
MPM imaging from the articular surface. Images were collected
from a single z-depth penetration into the cross-section.
Chondrocyte death identiﬁcation with MPM data analysis
Two-ﬁlter channel emission resulting from the transversely
oriented, rasterized tile scan was processed in custom code created
in MATLAB (MathWorks, Natick, MA). All chondrocytes were
identiﬁed in the 380e490 nm channel emission data using code
similar to public MATLAB-published “Identifying Round Objects.”
The MPM emission grayscale image was ﬁrst thresholded to a bi-
nary black and white image (graythresh, im2bw). Objects in the
binary image were smoothed (bwareaopen), and any holes were
ﬁlled (imﬁll) to create solid objects. The boundaries of these solid
objects were identiﬁed (bwboundaries). The properties for each
object including boundary coordinates, centroid coordinates, area,
and perimeter were recorded (“regionprops”). If the area and
perimeter were each above given threshold values, both of which
were optimized for each horse, the object and its centroid were
recorded as a chondrocyte. To accommodate for clonal cells, which
were difﬁcult for the image analysis program to separate, threshold
parameters were optimized for single, double, and triple clustered
cells by allowing small, medium, and large sized objects that were
then counted as one, two, or three cells, respectively. Threshold
parameters were adjusted for each animal set due to the variation
in image intensity, cell size, and cell clustering between animals.
Injured and control images within one animal were analyzed using
the same parameters.
Dead chondrocytes were identiﬁed in the 510e650 nm channel.
All object boundaries recorded from the code described abovewere
evaluated in this channel. Each boundary was deﬁned as the
region-of-interest (roipoly), so that the presence or absence of
ﬂuorescein at this site could be determined. The mean intensity of
the ﬂuorescein image was ﬁrst calculated; ﬂuorescein-cells had an
intensity above this mean, and an intensity threshold was opti-
mized for each horse. If the bounded region was above this
threshold, the cell(s) were recorded as dead.
Death pattern processing
The degree of circularity or ellipticity of the cell death pattern
was determined for each horse using MATLAB custom code that
calculated eigenvectors and eigenvalues of two-dimensional pro-
jections of dead cell distributions obtained from tile scans. The
covariance (cov) and central point (mean) of all dead cell centroid
coordinates were calculated. The eigenvector and eigenvalues (eig)
were calculated for the resulting covariance. The percent-difference
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then used to determine if the pattern of cell death was circular or
elliptical, using a threshold of less than or greater than 30% percent-
difference, respectively, between the long- and short-axes.Fig. 3. Sodium ﬂuorescein and ethidium homodimer-1 validation. Cartilage was
stained with both sodium ﬂuorescein and ethidium homodimer-1 to determine the
linear relationship between dyes to validate sodium ﬂuorescein as a dead cell indicator.
The linear relationship with a slope 1.049 and squared correlation coefﬁcient
r2 ¼ 0.929 was determined.Cell death near cracks and as a function of depth
Z-stack images of the injured sites were examined to identify
those that contained cracks within the ECM, which were similar to
but not including the image shown in Fig. 2. Within these identiﬁed
images, the z-stack image corresponding to 10 mm in depth from
the surface was used for analysis, due to the clarity of the matrix.
Within these images, each of the ﬁrst three cells occurring within
100 mm distance from each crack was counted around the entire
crack perimeter to determine cell death. Cracks were not observed
in control samples.
Images from two-ﬁlter channel emission data from sagittal
plane scans of full-thickness cartilage explants were manually
stitched together. Then, all cells were manually counted at 50 mm
steps, with ﬂuorescein-stained (dead) cells being recorded to
calculate death as a function of depth.Statistical analysis
The calculated percent-difference between the eigenvectors of
the circular and elliptical death patterns were clustered into their
respective groupings and compared using a Wilcoxon rank sum
test. A non-parametric test was used because the differencewas not
normally distributed. Medians with ranges are reported. The per-
centage of chondrocyte death in the sagittal plane was evaluated at
each 50 mm region using a two-sample t-test, comparing control
and injured samples. The same test was performed to compare
chondrocyte death near cracks to controls. Statistical analyses were
computed using Statistix 10.0 (Analytical Software, Tallahassee, FL)
with p < 0.05 considered signiﬁcant.Fig. 2. MPM images from a single-image plane within a z-stack, from both control and inj
(green) have been merged for clarity, resulting in collagen SHG and ECM autoﬂuorescence
typically contained few ﬂuorescein-stained cells and had regular SHG signal within the ECM
signal, resulting from damaged matrix, such as cracks.Results
Chondrocyte death identiﬁcation from MPM data acquisition
MPM images provided high resolution detail of chondrocytes
and the surrounding ECM. Each image collected was
328.7  438.3 mm in size. In separate studies, ﬂuorescein was used
with EthD-1 to verify that ﬂuorescein can be used as an indicator of
cell death. Cells weremanually counted (n¼ 9 sites, n¼ 1 OCB), and
ﬂuorescein-staining correlated to EthD-1-staining with a linear
relationship of slope 1.049 and squared correlation coefﬁcient
r2 ¼ 0.929 (Fig. 3).
Matrix-associated SHG signal allows for identiﬁcation of chon-
drocyte lacunae as holes in the matrix. Control cartilage contained
few chondrocytes with ﬂuorescein-staining. Images from theured samples. Signal from the 380e490 nm channel (blue) and 510e650 nm channel
appearing blue-green and ﬂuorescein-stained cells appearing green. Control samples
. Injured samples typically contained more ﬂuorescein-stained cells and irregular SHG
Fig. 5. 3-D reconstructions of control and injured cartilage. Each blue point represents
a single dead chondrocyte in the control scanned site; each red point represents a
single dead chondrocyte in the injured scanned site.
K.D. Novakofski et al. / Osteoarthritis and Cartilage 22 (2014) 355e362 359damaged regions contained more ﬂuorescein-stained chon-
drocytes, autoﬂuorescence, and irregular SHG signal, particularly
near cracks (Fig. 2). After injury, chondrocyte death was found to be
signiﬁcantly increased in the superﬁcial 100 mm (Fig. 4, p < 0.05).
Chondrocyte death spatial dispersion
The superﬁcial 100mmwasevaluated in amedialelateral (“x”) and
anterioreposterior axis (“y”) coordinate system to understand the
dispersion of cartilage death after traumatic injury in intact samples.
A total of 420 control and 420 injured images for each sample were
collected in the largeﬁeld, and300 control and300 injured images for
each sample in the small ﬁeld. Centroids of dead cells were plotted in
3-D (Fig. 5) and projected into 2-D (Fig. 6) to determine the spatial
pattern of damage. Dead cells were more numerous at the periphery
of injury. The injury patternwas circular in some samples (n¼ 7) and
more elliptical (n ¼ 4) in others. Samples in which the percent dif-
ference between the two eigenvalues was less than 30% of the minor
eigenvaluewere considered to have a circular damage pattern (17.7%,
range 5.6e23.8%), while those in which this percent-difference was
greater than 30% were considered to have an elliptical damage
pattern (59.6%, range 39.0e162.9%). These values were statistically
different fromeachother (p¼ 0.006). Themedianpeak load andpeak
displacement didnot vary between groupswith circular and elliptical
damage patterns (Table I).
Images were selected to evaluate local chondrocyte death
within 100 mm of cracks, as identiﬁed by the absence of SHG signal
(Fig. 2). Cell death within 100 mm of cracks was signiﬁcantly
increased, with 73.7% (95% CI 64.0e83.4%, n¼ 13 images from n¼ 5
OCBs, p < 0.0001) of cells being dead, compared to the corre-
sponding control site images with cell death of 1.0% (95% CI 0e2.2%,
n ¼ 13 images from n ¼ 5 OCBs).
Discussion
This study used high resolution MPM imaging to determine the
spatial distribution of chondrocyte death using a cartilage injury
model. We demonstrated the feasibility of using MPM in live tissue,
including collecting SHG signal and ﬂuorescein emission, to detect
subtle structural and cellular damage below the resolution ofFig. 4. Percentage of dead chondrocytes after injury, as a function of depth in 50 mm
steps, as measured in the sagittal plane. The box represents the depth to which
transverse MPM images were acquired for rasterized tile scanning, as described in the
methods. The line demonstrates the mean depth to which samples were compressed.
A total of n ¼ 13 OCBs from n ¼ 6 horses were analyzed for controls; a total of n ¼ 10
OCBs from n ¼ 6 horses were injured. Data is represented as the mean  95% CIs. *
represents a signiﬁcant difference between control and injured (p < 0.05) using a two-
sample t-test.current clinical imaging techniques. With this technique, we were
also able to identify two distributions of cell death that resulted
from the same applied stress.
SHG and ﬂuorescein were used to detect structural damage and
cell death as shown in Fig. 2. Chondrocyte lacunae can be easily
identiﬁed, even in non-stained cartilage tissue, due to the absence
of SHG signal within the lacunae. In other imaging techniques
where the ECM is not easily identiﬁed, multiple dyesmust be added
to identify the matrix and live or dead cells, but these dyes cannot
be used clinically. In this study, ﬂuorescein was shown to strongly
correlatewith EthD-1. Because sodium ﬂuorescein is FDA-approved
and can detect damaged cells, it shows promise as a diagnostic
method for in vivo microscopic imaging of damaged cartilage.
Overall, wewere able to use one dye withMPM imaging to quantify
early damage following cartilage injury in live cartilage.
Matrix damage was also identiﬁed using MPM due to the ir-
regularities in SHG. Using SHG, cracks as narrow as 2 mm were
identiﬁed and associated with signiﬁcant increase in chondrocyte
death. This ﬁnding is similar to previous work examining chon-
drocyte death near large cracks and ﬁssures 18 h after injury24.
Although we did not quantify SHG emission, work by Brockbank
et al. showed that thermally-damaged cartilage has decreased
SHG25, suggesting that SHG may be an additional measurement for
damaged matrix, likely due to decreased collagen organization.
Collagen organization was not determined because type II ﬁbrils
are generally sub-resolution in all types of optical microscopy.
Overall, we were able to observe maximal information about the
cellular and structural qualities of cartilage, while using a mini-
mally invasive technique and labeling strategy.
MPM has been used as a diagnostic tool in other ﬁelds5,8,9, and
this study demonstrated the feasibility of applying MPM and
ﬂuorescein to arthroscopic evaluation of cartilage in vivo. Endo-
scopic MPM has been demonstrated9, providing feasibility for MPM
as an arthroscopic tool. Fluorescein could be readily added to ﬂuids
used routinely during arthroscopy. Other techniques for detecting
cartilage injury in live tissue, such as the work by Changoor et al. in
examining electromechanical properties, are valuable but do not
measure biological or cellular changes26. Optical coherence to-
mography (OCT) and ultrasound imaging (UI) have also been used
for high resolution evaluation of live cartilage. OCT resolution is
approximately 10e30 mm27e29, and UI is about 30e65 mm30. While
their xey-resolution is not as high as MPM, OCT and UI have z-
depth capabilities of 1.10 mm31 and 1.65 mm32, respectively. These
techniques, however, only offer structural information. If UI is hy-
bridized with ﬂuorescence decay spectroscopy, biochemical infor-
mation can also be ascertained30, albeit without the imaging
resolution of MPM. Overall, the present study demonstrated the
unique high resolution capabilities of MPM to detect cartilage
Fig. 6. 2-D projections of control and injured cartilage. (a) A representative circular injury; (b) a representative elliptical injury. Each blue point represents a single dead chon-
drocyte in the control scanned site; each red point represents a single dead chondrocyte in the injured scanned site; the red lines represent the eigenvalues and eigenvectors; the
transparent red shaded area denotes the area which corresponds with the eigenvectors.
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for in vivo arthroscopy.
Using MPM, we were able to identify the distribution of chon-
drocyte death after injury. We utilized 30 MPa which, based on
previous ground force reaction studies in the equine forelimb, is
about two- to three-fold physiologic loading33. These higher
stresses have been shown to cause increased cell death19 and was
similarly found to cause an increase in cell death in this study. Many
biochemical and biomechanical changes occur following traumatic
injuries2,34, including decreased chondrocyte viability and
increased catabolic gene expression14e16,35. While these studies
suggest that key changes such as gene expression occur immedi-
ately after injury, the immediate consequences of a single traumatic
load on cell death distribution are not known and were therefore
examined in the present study. OCBs were injured to evaluate death
distribution as a model of rapid change after cartilage injury.
Samples were compressed, based on previous work19, with a
loading rate similar to that which has been shown to result in
surface ﬁssures and large distribution of cell death in bovine
metacarpal cartilage, 4 days after injury35. In this latter study,
Ewers et al. stated that their unpublished preliminary data sug-
gested that the majority of cell death occurred within 3 h following
injury35. We speciﬁcally focused on cell death within this ﬁrst hour
to evaluate the immediate effects of mechanical injury and not of
later apoptosis. MPM images of the most superﬁcial 100 mm were
collected. While other studies have removed the superﬁcial layer
prior to compression36, Chen et al. found that bovine cartilage
subjected to sustained continuous or cyclical loading up to 5 MPa
primarily has decreased viability in the most superﬁcial 70 mm16.
After MPM acquisition, all lacunae were identiﬁed within the im-
ages, with the location of each dead chondrocyte being recon-
structed and mapped. Overall, we found numerous dead
chondrocytes at the periphery of the injured site, with fewer dead
cells at the center of the injured site. This was not surprisingTable I
Median peak load (with range), median peak displacement (with range), and me-
dian percent-difference between the long- and short-axis (with range). The differ-
ence of 30% was used to classify groups into “circular” (n ¼ 7) and “elliptical” (n ¼ 4)
damage patterns
Load (N) Displacement (mm) Axes difference (%)
Circular 117.74 (117.60e117.75) 319 (226e605) 17.7 (5.6e23.8)
Elliptical 117.69 (117.67e117.74) 373 (319e425) 59.6 (39.0e162.9)because tissue under the center of the ﬂat-ended indenter experi-
ences high compressive strain and hydrostatic pressure, while the
tissue at the edges of the indenter experiences high shear strains.
Based on previous studies estimating shear stresses that produce
cracks in cartilage in impact loading and ﬁnite element studies of
local shear stresses during indentation, local shear stress at the
indenter edge were estimated to be 3.3e5.4 MPa27,37,38. As in pre-
vious studies39,40, cell death appears to be more prevalent in re-
gions of tissue that experience high shear strain. Both with respect
to xey location, where cell death occurred preferentially near the
edge of the indenter, and with respect to z-depth, where cell death
occurred in regions within 200e400 mm from the surface, is the
region known to experience highest shear strains. The dead
chondrocyte maps in the xey plane were then analyzed using
eigenvector analysis, and subsequently the axes of the spatial
pattern to be calculated. This method was effective at revealing the
patterns of cell death.
The observed injured samples were grouped into either circular
(n ¼ 7) or elliptical (n ¼ 4) distribution patterns of chondrocyte
death. All elliptical patterns were found in metatarsus samples;
however, due to the small metacarpus sample size, statistical
analysis between the hind and forelimbs was not performed. These
different precipitating patterns of cell death have not been previ-
ously described. Although care was taken to injure the same loca-
tion in each specimen, there could have been slight variability in
injury location due to the necessity of applying the load to the
sample surface perpendicularly, and, therefore, also variability in
cartilage matrix organization including orientation of collagen.
Ugryumova et al. has shown that the transverse orientation of
collage in the superﬁcial zone has a distinct pattern but varies
highly by location18. This suggests that in the present study, dif-
ferences in collagen orientation between injured sites within a
sample may have occurred even if the injury sites were within
millimeters of each other. To minimize this variation in collagen
orientation, the medial condyle was consistently used as the injury
site. While samples were not imaged prior to injury, the immediate
surrounding regions near the injury site had a similar death
staining pattern as the controls. Although only samples with an
ICRS gross score of 0 or 1 were used, the background of the horses
was unknown, which may introduce inter-animal variability.
Collectively, these results suggest that the physiological conse-
quences of trauma to the articular surface are site-dependent,
which is important for understanding progression of PTOA be-
tween anatomic sites in patients.14,15
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imaging to detect cartilage damage in live tissue just 1 h after
injury. Cellular and structural changes that are below the resolution
of other imaging techniques were readily identiﬁed with the ﬂuo-
rescein and MPM. Two unique injury patterns were observed
suggesting that the cellular and structural consequences of injury
are site-dependent or biologically variable. These ﬁndings may be
signiﬁcant for understanding, diagnosing and preventing PTOA
development after injury. This study demonstrated the feasibility of
high resolution MPM imaging of live, intact cartilage for application
in vivo to further the understanding about the early pathogenesis of
cartilage injury that may lead to PTOA.
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